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We investigated the effects of muscimol on generation of spike-wave discharges (SWDs) 
and short-term plasticity alterations in the somatosensory cortex of WAG/Rij rats. The rats 
were implanted with a twisted tripolar electrode into the above cortex region and with an 
intraventricular cannula into the right cerebral ventricle. EEG recordings were made before 
and after muscimol and saline injections. Paired-pulse stimulations (200 µsec, 100-1000 
µA, 0.1 sec–1) were applied to the somatosensory cortex at 50-, 100-, 400-, and 500-msec-
long intervals for 50 min. Pharmacological amplification of GABAergic transmission in the 
somatosensory cortex exerted an inhibitory effect on the thalamo-cortical circuit underlying 
the generation of spike-wave discharges (SWDs). Ten minutes post-injection of muscimol, 
paired-pulse facilitation was significantly reduced at 50- and 100-msec-long interpulse 
intervals (P < 0.05). The data obtained suggest that muscimol suppresses generation of SWDs 
and changes short-term plasticity via imitation of the effects of GABA in inhibitory synapses. 
Keywords: absence epilepsy, WAG\Rij rats, somatosensory cortex, GABAergic system, 
muscimol, paired-pulse stimulation.
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INTRODUCTION
Absence epilepsy is manifested in a transient loss of 
consciousness, while the episodes of seizures are not 
stable [1]. Other protests are related to a motionless 
state and arrest of ongoing mental and motor 
activity, changes in the heart rate, pupil reactions, 
sweating, and initiation of clonico-tonic seizures 
[2]. Electrographic manifestations (waves of absence 
seizures) appear bilaterally and simultaneously in both 
brain hemispheres. As is believed, the main cause of 
this type of epilepsy is the dysfunction of thalamo-
cortical circuits, but there are many other ideas on 
triggering mechanisms of this network disorder. 
We examined the function of GABAA receptors 
using WAG/Rij rats, which are a reliable genetic 
model for human absence epilepsy. In these animals, 
spike-wave discharges (SWDs) are generated and 
circulate in the cortico-thalamo-cortical network [3]. 
A hot-spot region where SWDs are produced has 
been identified  in the somatosensory perioral area 
[4]. A phenomenon of local hyperexcitability of the 
somatosensory cortex (SSC) is in agreement with 
the cortical focus theory for generation of absence 
seizures; further evidence supported that a balance 
between the excitatory and inhibitory systems 
is impaired in WAG/Rij rats [5]. GABA is a key 
player in adjusting this balance [6]. By activation 
of GABAA inotropic receptors, chloride ions enter 
the cells and prevent the development of new action 
potentials (APs) through hyperpolarization of the 
cell membrane; shunting of the membrane also plays 
a role. These receptors often exist in synaptic terminals 
and are responsible for presynaptic inhibition based in 
suppression of the release of neurotransmitters [7].
Most mutations causing epilepsy are related to the 
genes of voltage- or ligand-gated channels [8]. For 
example, genetic evidence has shown that mutations 
related to α
1,
 γ
2
, and δ subunits are associated with 
symptoms of epilepsy in the cortex [9]. Reduced 
expression of these subunits results in a decrease 
in tonic GABA currents due to certain different 
rearrangings of GABAA receptors. It seems that 
gatherings of various forms of GABAA receptor 
subunits play a key role in the determination of 
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characteristics of phasic and tonic GABAergic 
currents. The receptors including α
4
/δ subunits are 
characterized by specific performance features leading 
to initiation of seizure activity in the cortex, especially 
in the temporal lobes  [10]. 
Short-term synaptic plasticity (STP) is an important 
factor influencing the synaptic communication within 
the brain. Typically, it is assessed with paired-
pulse stimulation allowing one to demonstrate the 
phenomena of paired-pulse facilitation (PPF) and 
paired-pulse depression (PPD) [11, 12]. Investigation 
of cellular mechanisms of  cortical STP helps to 
discover the contention of GABA receptors [13]. 
However, there is practically no information on the 
involvement of GABA
A 
receptors in STP in absence 
epilepsy.
Taking into account the facts and considerations 
mentioned above, we hypothesized that modification 
of the GABAergic inhibitory system in the SSC1 (S1)
cortical zone is probably responsible for generation of 
SWDs. Administration of muscimol was used in our 
study to reveal possible effects of amplification of 
synaptic inhibition and subsequent changes in SWDs 
and short-term plasticity in the above animal model of 
absence epilepsy.
METHODS
Animal Groups. In vivo experiments were carried 
out on 18 adult male WAG/Rij rats (6-10 months 
old, weighing 250-300 g) randomly divided into 
three groups, six rats in each (control, saline, and 
muscimol, C, S, and M). Animals were obtained 
from a maintained colony in the Shefa Neuroscience 
Center (Khatam Hospital, Tehran, Iran) and kept under 
controlled environmental conditions (temperature 
23 ± 1ºC, humidity 40%, 12/12 h light/dark cycle, and 
free access to food and water). 
Surgical Procedure. Animals were anesthetized by 
i.p. injections of ketamine (ketamine hydrochloride, 
Sigma-Aldrich Chemie, Germany; 60 mg/kg) and 
xylazine (RXV, USA; 12 mg/kg) [14]. A twisted 
tripolar electrode was prepared from Teflon-coated 
stainless steel wire (diameter 100 μm); this set of two 
stimulating electrodes and one recording electrode 
was implanted into the somatosensory perioral (S1po) 
and primary somatosensory forelimb (S1fl) cortical 
zones (AP –2.1, L ± 0.5, V 4.0 mm and AP –2.1, 
L ± 3.0, V 2.0 mm relative to the bregma, respectively) 
using a stereotaxic device (Stoelting, USA). A 
reference electrode was located on the occipital 
cortex. Electrodes were fixed in the sockets by pins. A 
23-gauge cannula for drug injection was implanted into 
the right lateral cerebral ventricle (AP −0.8, L 1.6, and 
V 3.5 mm below the dura) in all rats according to the 
atlas [15]. A short cooper wire stilet was interpolated 
inside the cannula in order to avoid its shutting. The 
cannula and sockets were fixed to the skull by dental 
cement. Before injection, the stilet was removed and 
replaced with an injection needle (27-gauge) connected 
to a 10-μl Hamilton syringe. Muscimol (MW114.10, 
Sigma, USA) was dissolved in 0.9% saline for direct 
microinjection. Five microliters of pure saline or 
solution containing 1 µg/kg muscimol were injected 
into the right lateral ventricle [16].
Stimulation and Recording. After a 1-week-
long recovery period, the experiments were carried 
out. Rats were put into a Faraday cage, and ECoG 
was recorded after a 30-min-long adaptation to the 
experimental conditions in a freely moving behavior 
mode. Spike-wave discharges were recorded 60 min 
before and three times after drug injections (with 
30-min-long intervals). Square pulses (200 µsec, 
100-1000 µA, 0.1 sec–1) were applied to the 
somatosensory cortex. Each experiment began by 
determining the stimulus intensity dependence 
to elicit the threshold and maximal evoked potenti- 
als (EPs). After the EP threshold was determined, 
the excitation intensity was raised to the value 
eliciting 50%-maximum EPs, and this was used as 
the test stimulus during the experiment. The EPs were 
amplified and filtered (0.1 to 1 kHz bandpass) using 
a differential amplifier (DAM80, WPI, USA). Signals 
were passed through an AD (USB-6221-BNC, National 
Instruments, USA) to a computer. Data were digitized 
at a sampling rate of 103 sec–1 and analyzed by the 
means of Win LTP software (version 2.01, M-Series, 
University of Bristol, Great Britain). The EP amplitude 
was measured as the voltage difference between the 
baseline and peak of the EP wave. Later, paired-pulse 
stimulation was applied to the SSC with interstimulus 
intervals of 50, 100, 400, or 500 msec between the 
conditioning (first) and test (second) stimulations. 
Five responses were sampled and averaged for each 
interval. All paired pulses were delivered at a 0.1 sec–1 
frequency. 
Histology. At the end of experiments, the rats were 
deeply anesthetized with a high dose of ketamine; the 
brain was removed quickly and fixed in 10% formalin 
solution for 24 h at room temperature. Subsequently, 
40 µm-thick coronal slices were cut by a vibroslicer 
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(Campden-MA752, Great Britain). Positions of the 
electrode tips and cannula were pointed by cresyl 
Violet staining. Two animals were excluded from the 
analysis because the electrodes and cannula had not 
been placed appropriately.
Statistical Analysis.  SPSS 16 was used for 
statistical analysis. The SWD parameters were 
analyzed by one-way and repeated-measures 
ANOVA. The Tukey’s test was administered for post-
hoc analysis. Baseline data were taken as 100%, and 
values were expressed as percentages with respect to 
the baseline ones. In order to compare the effects of 
paired-pulse stimulation related to the zone and time 
interval, mixed models with an autoregressive (1) 
covariance structure and with a restricted maximum 
likelihood (REML) in the form of the estimation 
method were used. The analyses were followed by the 
Sidok post-hoc test. Differences with P < 0.05 were 
considered statistically significant.
RESULTS
Effects of Muscimol on SWDs. To compare the effects 
of muscimol and saline (control) microinjections 
on SWDs, the mean number and mean duration of 
these events were investigated within three 30 min-
long intervals following drug or saline injections. 
Checking parameters in the S group (saline) showed 
that the mean duration and frequency of SWDs with- 
in the first, second, and third interval after injection 
of saline showed no significant differences from the 
baseline values (P > 0.05). At the same time, the 
mean duration of SWDs within all three intervals after 
musicmol injection (group M) showed significant 
decreases compared to the control (P < 0.05). 
The mean values were: 45.0 ± 11.7% in the first, 
32.1 ± 12.0% in the second and 30.4 ± 7.4% in the 
third 30-min interval relative to the control (Fig. 1B).
In muscimol-injected animals, significant decreases 
were also observed in the number of SWDs compared 
with the control within all the three post-injection 
periods (P < 0.05). The percentages were 42.3 ± 11.7%, 
10.0 ± 8.4%, and 5.1 ± 1.5%, respectively (Fig. 1A).
Effects of Muscimol on the Effects of Paired-Pulse 
Stimulation. Evoked potentials were elicited in the 
S1po and S1fl by means of paired-pulse stimulation, 
and the paired-pulse ratio (PPR) was calculated at 
different interpulse intervals. Paired- pulse facilitation 
(PPF) was clearly seen at all (50-, 100-, 400-, 
and 500-msec-long) intervals under basic conditions. 
According to the results of muscimol injection, 
a significant decrease in the above effect and 
manifestation of PPD were seen at 50- and 100-msec-
long intervals (P < 0.05). No significant difference was 
observed between the effects at these intervals during 
the second to fifth 10-min post-injection periods 
(P > 0.05). Declines toward PPD were most clearly 
observed at 100-msec interpulse intervals. At the 
intervals of 400 and 500 msec, significant reductions 
of PPF were not observed in comparison to the 
baseline records. In this study, the zone effect was 
insignificant; the values of the PPR in the S1fl were 
nearly similar to those acquired from the S1po (P > 
0.05) (Fig. 2).
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F i g. 1. Dynamics of the effects of muscimol on the mean normalized number (A) and duration (B) of spike-wave discharges within three 
consequent 30-min-long post-injection intervals.  Baseline indices are taken as 100%. 1 is the control (saline); 2 is muscimol. Data were 
analyzed by the one-way ANOVA test. Asterisks show cases of significant differences from the baseline values (P < 0.05) (n = 6 for each 
group).
Р и с. 1. Динаміка впливів мусцимолу на нормовані середні значення кількості  (А) та тривалості (В) комплексів пік-хвиля.
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DISCUSSION
The purpose of our study was to determine the efficacy 
of GABAergic inhibitory amplification on SWD 
generation and conversion in short-term synaptic 
plasticity in the somatosensory cortex of epileptic rats. 
To this aim, muscimol, a well-known GABAA receptor 
agonist, was used. Our results after intracerebral 
microinjections of muscimol demonstrated reductions 
in the mean duration and number of SWDs. Also, under 
conditions of paired-pulse stimulation of the SSC, the 
above-mentioned facilitation diminished significantly.
The activity of the GABAergic inhibitory system 
is decreased significantly in the frontal and parietal 
cortex of WAG/Rij rats. Mutation of the GABAA 
receptor-coding gene, inadequate synthesis of the 
neurotransmitter (GABA), and GABA receptor 
internalization can lead to the development of ab- 
sence epilepsy [4]. Some pathophysiological changes, 
such as alteration of normal GABA receptor-mediated 
tonic inhibition and GABAA receptor internalization in 
the respective synapses, lead to significant imbalance 
in the cortical neuronal networks [17].
In line with our results, there is a demonstration that 
bilateral injections of muscimol into the substantia 
nigra significantly reduced SWDs in EEGs, and 
such injections can inhibit seizures induced by 
pentilenetetrazole (PTZ) applications [18]. Another 
study on the thalamic nuclei stated that muscimol 
injections into these structures suppressed tonic 
and clonic seizures associated with consciousness 
impairment [19]. Today, it has been proven that the 
inhibitory action of GABA is not only determined 
by the parameters of phasic postsynaptic inhibition 
(classic IPSPs), but also by interaction with pre-
synaptic GABA receptors, which influences tonic 
inhibition. In vitro studies on the thalamic nuclei 
in different models of absence epilepsy proved that 
tonic currents in these models have been significantly 
reduced compared to those in control animals [6].
Diminution of tonic inhibitory currents are due to a 
large number of GABA neurotransmitter transporters 
(GAT1) in presynaptic terminals of inhibitory 
interneurons. These transporters are rather numerous 
in the thalamic nuclei and SSC. In the regions, in 
which these transporters are not available, GABA is 
not reuptaken and remain in synapses; therefore, a 
greater GABA amount arrives in the synaptic space, 
more GABA binds to GABAA receptors, and this leads 
to induction of stronger tonic GABA currents [20]. 
Changes in PPF are often used as an indicator of 
short-term plasticity characteristics. To evaluate the 
effect of the GABA agonist on short-term synaptic 
plasticity, we used a paired-pulse stimulation pattern, 
which is a suitable method to study the excitability 
of cortico-thalamic networks. By muscimol injections 
into the brain ventricle and paired-pulse stimulation 
with different intervals, short-term synaptic plasticity 
changes have been clearly seen. At short IPIs (50 and 
100 msec), PPF manifested under basic conditions 
is changed to PPD. In the M group, this result is 
in line with those showing increased responses of 
GABAA receptors at induction of PPD in the superior 
colliculus, hippocampus, and neocortex [21].
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F i g. 2. The time course of the effects of muscimol on the pair-pulse ratio (PPR, %) in the S1po (A) and S1fl (B) cortical regions. Values were 
analyzed by the mixed model test with autoregressive covariance structure. Values are shown as the percentage of the mean EEP2/EEP1 
at IPIs 50, 100, 400, and 500 msec within five subsequent 10 min-long post-injection intervals. *Significant difference from the baseline 
values (P < 0.05; n = 6 in each group).
Р и с. 2. Часовий перебіг впливів мусцимолу на відношення другого та першого ефектів при парній стимуляції (PPR) у кортикальних 
зонах S1po (A) та S1fl (B).
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The results obtained allow us to conclude that mus-
cimol leads to suppression of SWDs by imitating in-
hibitory effects of excessive GABA amounts present 
in the synaptic space. With more follow-up research, 
such as investigation of the inhibitory circuits by 
paired-pulse stimulation, it can be found that the effi-
cacy of muscimol with respect to inhibitory interneu-
rons affects short-term plasticity. Muscimol increases 
inhibitory currents at inhibitory terminals and leads to 
a considerable reduction of PPF under conditions of 
paired-pulse stimulation.
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Р е з ю м е 
Ми досліджували впливи мусцимолу на генерацію комп-
лексів пік-хвиля (КПХ) та феномен короткочасної пластич-
ності у щурів лінії WAG/Rij. Тваринам імплантували три-
полярний електрод у соматосенсорну кору та канюлю в 
правий мозковий шлуночок. Перед внутрішньошлунковою 
ін’єкцією мусцимолу або фізіологічного розчину реєстру-
вали ЕЕГ. Соматосенсорну кору стимулювали парними сти-
мулами (200 мкс, 100–1000 мкА, 0.1 с–1) з інтервалами 50, 
100, 400 або 500 мс протягом 50 хв. Фармакологічне по-
силення ГАМК-ергічної передачі в соматосенсорній корі 
призводило до гальмування таламо-кортикальних нейро-
мереж, відповідальних за генерацію КПХ. Через 10 хв піс-
ля ін’єкції мусцимолу полегшення при парній стимуляції 
істотно зменшувалось та переходило у депресію у тих ви-
падках, коли міжстимульні інтервали дорівнювали 50 або 
100 мс (P < 0.05). Як вказують отримані дані, мусцимол 
пригнічує генерацію КПХ та змінює короткочасну пластич-
ність, оскільки він імітує дію ГАМК у гальмівних синапсах. 
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